Recent advances in the synthesis of block, graft and star polymers containing inorganic macromolecular species are described. Anionic copolymerization techniques were used in the formation of diblock copolymers of poly(styreneblock-methylphenylsilylene) and poly(isopreneblock-methylphenylsilylene) by the ring-opening polymerization of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane initiated by living anionic polystyrene and isoprene respectively. Hydrosilation of an attachable initiator onto telechelic vinyl-or hydrosilyl-terminal or -pendant poly(dimethylsiloxane) (PDMS) yielded a PDMS macroinitiator. This macroinitiator was used in atom transfer radical polymerization (ATRP) of styrene and isobornyl acrylate to produce ABA triblock copolymers. As a model for graft copolymers from a polyphosphazene backbone, chemical transformation of hexachlorocyclotriphosphazene resulted in hexafunctional molecules containing either benzyl bromide or bromopropionyl moieties. The initiator 1,1,3,3,5,5-hexakis[4-(2-bromopropionyloxymethyl)phenoxy]cyclotriphosphazene was used in the ATRP of styrene to yield a polymer with a narrow, monomodal molecular weight distribution. Chain extension of this star polymer with isobornyl acrylate is also described. #
INTRODUCTION
One of the most important elements in the production of copolymers is control over the polymerization reaction. If the process can be manipulated so that the number of growing chains is constant and that chain transfer or termination reactions are avoided (or eliminated), then the functional group at the polymer terminus will be conserved, allowing for additional chemistry to take place. Such transformation reactions can result in production of a macroinitiator which can initiate polymerization of a different monomer, thereby producing block copolymers. If a difunctional initiator is used, the same technique can be applied toward triblock copolymers. Furthermore, use of a functional group on a monomer in conjunction with another monomer in a statistical copolymerization results in pendant species which can be transformed to initiate polymerization toward graft copolymers. With such techniques the combinations and architectures of the copolymers can be tailored to yield materials with properties that meet particular needs.
Of particular interest are copolymers that contain an inorganic block. Inorganic polymers generally possess properties that are different from carbonbased polymers. 1 The desire to produce block and graft copolymers from inorganic and organic blocks is generally pursued to exploit the best properties of the individual materials and generate new classes of compounds. For example, polysilylenes (polysilanes) possess unique electronic and optical properties due to s-bond delocalization along the silicon backbone, giving them potential applications in electronics and reprographics. Another example is polysiloxanes, which possess high oxygen permeability and favorable water and weather resistance. Finally, polyphosphazenes have a broad range of physical properties leading to applications in biomedicine as well as flame retardance based on the substituents bonded to phosphorus.
For carbon-based vinyl monomers, controlled polymerization has traditionally been achieved by ionic mechanisms. 2 For example, the living anionic polymerizations of styrene and methyl methacrylate are quite common, resulting in preservation of polymer functionality. However, like the inorganic analogues, polymerization by ionic mechanisms is limited to a rather narrow class of monomers under conditions of the most stringent purity. Therefore, the desire to develop a controlled free radical polymerization system has driven research in the area for the last decade. One result of this has been atom transfer radical polymerization (ATRP). 3, 4 When an activated alkyl halide is stirred with a vinyl monomer in the presence of a copper catalyst, well-defined polymers are obtained with predetermined functionality and molecular weight, making them ideal for the synthesis of a variety of copolymers. The key to control is a rapid equilibrium between active and dormant propagating species. Maintenance of a low steady-state concentration of radicals ensures that termination reactions are limited to nearly insignificant values until very high monomer conversions are attained. So far, ATRP has been demonstrated to provide controlled polymerizations of monomers such as styrenes, [5] [6] [7] [8] acrylates, 4 methacrylates 3,9,10 and acrylonitrile.
11
In this paper we discuss recent advances made in our laboratory to produce novel copolymers and architectures based on the union between inorganic and organic macromolecular species. As the paper shows, the two primary synthetic methods are living anionic polymerization and ATRP.
DISCUSSION

Block copolymers of polysilanes with vinyl-based polymers
The most common method of producing polysilanes, the Wurtz reductive coupling of dichlorosilanes with alkali metals, 12 does not provide the control over the polymerization necessary for functionalization of the chain-end toward block copolymers. Using this mode of synthesis, substitution reactions on the phenyl rings of poly (methylphenylsilylene) (PMPS) has resulted in graft copolymers with poly(tetrahydrofuran) and poly (methyl methacrylate). 13 To date the best method of controlled polymerization of polysilanes has been the anionic ring-opening polymerization of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane. 14 Using this technique, the synthesis of block copolymers of PMPS with organic-based polymers is illustrated in Scheme 1 for styrene and isoprene. 15 In the polymerizations the organic block is polymerized first, since those processes obey 'living' characteristics. No transformation of the active site is necessary in the reactions since both polystyryl-lithium and polyisoprenyl-lithium will initiate ring opening of the cyclotetrasilane. However, in benzene the resulting silyl-lithium species exists as a tight ion pair and, as a result, does not possess sufficient nucleophilicity to open subsequent silicon rings. The presence of 12-crown-4 generates a loose ion pair and a more reactive silyl anion which facilitates ring-opening polymerization of the remaining cyclotetrasilanes. In both of the polymerizations, addition of the cyclotetrasilane and crown ether to a solution of the organic polymer resulted in a clean shift of the sizeexclusion chromatography (SEC) trace to highermolecular-weight with only a small tail toward lower-molecular-weight species. This indicates that the efficiency of initiation of the first block toward the second is quite high, e.g. greater than 70% in the case of polystyrene. Examples of block copolymers of polystyrene and polyisoprene with PMPS are given in Table 1 . The increase in polydispersity of the block copolymer relative to the macroinitiator reflects the presence of residual homopolymer which did not participate in block copolymerization, as well as the non-living nature of the ringopening polymerization of the cyclotetrasilane. Nevertheless, precipitation of the products into solvents selective for only one of the blocks demonstrated that block copolymers, rather than a mixture of homopolymers, had been produced. The solid-state morphology of diblock copolymers of polystyrene and PMPS was probed by transmission electron microscopy (TEM) and scanning force microscopy (SFM). 16 Microphase separation was confirmed by the observation of cylinders of PMPS in a polystyrene matrix on the TEM micrograph. Furthermore, when the block copolymer was placed in 1,4-dioxane (a selective Block and graft copolymers of poly(dimethylsiloxane) with vinylbased polymers
The most common silicone, poly(dimethylsiloxane) (PDMS), has a T g of À110°C. However, due to its low glass transition temperature the polymer is a fluid at room temperature, making it an ideal candidate for modification by a block or graft copolymerization. This technique has been demonstrated in the block copolymerization of PDMS with numerous monomers such as styrene. 17, 18, 19 Control over the homopolymerization of PDMS on a laboratory scale was achieved by the introduction of anionic ring-opening polymerization of hexamethylcyclotrisiloxane 20 and octamethylcyclotetrasiloxane. 21 The commercial route toward PDMS relies on the ring-opening polymerization of octamethylcyclotetrasiloxane. Control over terminal chain functionality in this process was brought about by addition of a terminating agent followed by fractionation of the desired polymers. In a similar fashion, copolymerization with a functionalized cyclosiloxane has resulted in PDMS with pendant functional groups.
The general route toward PDMS block copolymers using ATRP is illustrated in Scheme 2. Commercially available PDMS containing either hydrosilyl or vinyl terminal species was reacted with a benzyl chloride-functionalized attachable initiator by hydrosilation with Karstedt's catalyst. 22 The isolated polymer was then capable of initiating ATRP of vinyl monomers in the presence of a copper chloride/4,4'-di(5-nonyl)-2,2'-bipyridine complex.
23,24 Table 2 shows typical examples of the ATRP of styrene or isobornyl acrylate from the macroinitiator. The polymerization proceeded with linear first-order kinetics and molecular weight increased linearly with conversion as expected for living polymerizations. The high degree of control associated with ATRP resulted in a decreased polydispersity of the block copolymer relative to the macroinitiator for higher-molecular-weight PDMS. When the ratio of polystyrene to PDMS was increased, the material ranged from a rubber to a thermoplastic elastomer to a plastic. For isobornyl acrylate, the observed increase in polydispersity is currently under investigation. The known incompatibility of PDMS in copolymers with (meth)acrylates 18 may also be responsible for problems in acrylate polymerizations.
Entry 4 in Table 2 shows the formation of a graft copolymer of polystyrene from a PDMS backbone. Using the methodology described in Scheme 2, pendant vinyl-functionalized PDMS was converted to the macroinitiator. When polystyrene was grown from the macroinitiators by ATRP, the polydispersity increased from 1.76 to 2.10. The reason is that a variable number of vinyl moieties per chain results from the condensation method of producing the PDMS. Had each chain contained exactly the same functionality, a decrease in polydispersity would have been expected upon addition of styrene by ATRP.
Star polymers from cyclotriphosphazene initiators
A final example of an inorganic polymer is polyphosphazene. Controlled polymerization techniques have allowed the production of polyphosphazene/polyphosphazene block copolymers. 25, 26 There is evidence for grafting from 27 or onto 28 polyphosphazene backbones but none of the work cited so far incorporates the combination of the wide variety of monomers possible and the manipulation of chain length that controlled free radical polymerization provides. The traditional, non-controlled method for the production of polyphosphazenes is the ring-opening polymerization of hexachlorocyclotriphosphazene. Nucleophilic substitution reactions at phosphorus with either alkoxy or aryloxy substituents then provides the desired materials. Due to the vigorous polymerization conditions branching can occur, leading to ill-defined structures with broad polydispersities. Graft copolymers produced from such a backbone would be subject to the same limitations. Chang et al. explored a model system where hexachlorocyclotriphosphazene was converted to hexakis(4-chloromethylphenoxy)cyclotriphosphazene. 29 In the reaction sequence, hexachlorocyclotriphosphazene was subjected to a nucleophilic displacement reaction with p-hydroxybenzaldehyde to produce hexakis(4-formylphenoxy)cyclotriphosphazene. This product was then reduced with sodium borohydride to the corresponding benzyl alcohol. Conversion of the hydroxyl group with chlorine by means of thionyl chloride yielded hexakis(4-chloromethylphenoxy)cyclotriphosphazene. This material was then used in ring-opening polymerization of oxazoline to produce the six-armed star polymer. 29, 30 The impetus for star polymers was to serve as a model reaction for ATRP of graft copolymers from a polyphosphazene backbone. In our laboratory, the Chang procedure was utilized to produce the hexafunctional benzyl alcohol. From this compound 1,1,3,3,5,5-hexakis(4-bromomethylphenoxy)cyclotriphosphazene and 1,1,3,3,5,5-hexakis [4-(2-bromopropionyloxymethyl)phenoxy]cyclotriphosphazene were synthesized as shown in Schemes 3(A) and (B) respectively. In Scheme 3(A) formation of the product was achieved by bromination of the benzyl group using phosphorus tribromide. The initiator was recrystallized as a white colorless solid. Attachment of the bromopropionyl group in Scheme 3(B) was facilitated by esterification of the alcohol with 2-bromopropionyl bromide. Unlike the benzyl bromide-functionalized initiator, this material was isolated as an oil; crystallization was not observed, presumably because of the multiple stereocenters associated with each bromopropionyl group.
The initiator 1,1,3,3,5,5-hexakis[4-(2-bromopropionyloxymethyl)phenoxy]cyclotriphosphazene was used in the ATRP of methyl acrylate. Linear first-order kinetics was observed. However, a deviation from the predicted molecular weight was found. Since a lower-molecular-weight peak associated with initiation by chain transfer to monomer was not seen on the SEC traces, the reason for the discrepancy was ascribed more to differences in hydrodynamic volume of the methyl acrylate star relative to the linear polystyrene standards used to construct the calibration curve. The polymer was isolated and used in an ATRP chain extension experiment with isobornyl acrylate. Figure 1 shows the SEC curves for the combined experiments. Formation of the star-block copolymer was confirmed by progressive increases of the SEC traces toward higher molecular weight species.
CONCLUSION
By various synthetic techniques, well-defined AB and BAB block copolymers were produced, combining organic and inorganic materials. The AB diblock copolymers poly(styrene-blockmethylphenylsilylene) and poly(isoprene-blockmethylphenylsilylene) were synthesized by the addition of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane to a solution of polystyryl-lithium or polyisoprenyl-lithium respectively. By chemical transformation techniques, vinyl-or hydrosilylfunctionalized poly(dimethylsiloxane) was made to react with an attachable initiator to produce PDMS containing benzyl chloride moieties. These macroinitiators were then used in atom transfer radical polymerization to produce BAB triblock copolymers with styrene and isobornyl acrylate along with graft copolymers of styrene. Finally, as a model for graft copolymers from a polyphosphazene backbone, hexafunctional initiators of cyclotriphosphazene containing either bromopropionyl or benzyl bromide substituents were synthesized. ATRP of methyl acrylate using the initiator 1,1,3,3,5,5-hexakis[4-(2-bromopropionyloxymethyl)phenoxy] cyclotriphosphazene proceeded in a controlled fashion, yielding a polymer with a narrow, mono- Appl. Organometal. Chem. 12, 667-673 (1998) modal molecular-weight distribution. The purified polymer was then chain-extended with isobornyl acrylate to produce a multiblock star polymer.
